Using a quantum wave packet simulation including the nuclear and electronic degrees of freedom, we investigate the femtosecond and picosecond energy-and angle-resolved photoelectron spectra of the E( 1 Σ + g ) electronic state of Li 2 . We find that the angular distributions of the emitted photoelectrons depend strongly on the pulse duration in the regime of ultrashort laser pulses. This effect is illustrated by the extraction of a time-dependent asymmetry parameter whose variation with pulse duration can be explained by an incoherent average over different ion rotational quantum numbers. We then derive for the variation of the asymmetry parameter a simple analytical formula, which can be used to extract the asymptotic CW asymmetry parameters of individual transitions from measurements performed with ultra-short pulses.
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I. INTRODUCTION
The smallest neutral molecules such as alkali dimers for instance have often served as benchmark systems in theoretical or experimental studies of femtosecond molecular dynamics due to their simple electronic structure which can be easily probed with common femtosecond laser systems [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . In this context, the lithium dimer has been extensively studied both experimentally [7] [8] [9] [10] [11] [12] [13] and theoretically [14] [15] [16] [17] , and time-resolved photoelectron energy distributions were sometimes used as an efficient probe of the molecular dynamics. These studies are usually based on a three-step photoionization scheme [7] [8] [9] [10] [11] [12] [13] where a combination of linearly polarized laser pulses excite, in a two-photon process, either a single transition from the ground electronic state X ( 1 Σ In the present study of Li 2 photoionization, instead of concentrating our attention on photoelectron energy distributions, we focus on photoelectron angular distributions and we show that a strong modification of these angular distributions happens when the pulse duration varies from the femtosecond to the picosecond regime. We quantify this modification by calculating the asymmetry parameter β of the emitted photoelectrons as a function of the pulse duration. Our results are then rationalized using a simple analytical model, and we finally show that this model can be used to extract spectroscopic molecular parameters from measurements of the photoelectron angular distribution performed with ultrashort laser pulses, even if the pulse duration is much shorter than the rotational period of both the neutral molecule and the ion.
The outline of the paper is as follows. In Sec. II we briefly recall the theoretical model we use for the calculation of the molecular photoionization process using ultrashort laser pulses. Then, in Sec. III, through results of numerical simulations, we illustrate the specific features of the photoelectron angular distributions and calculate the asymmetry parameter at specific photoelectron energies for different pulse durations. We then show that a simple analytical expression is able to reproduce the numerical results and to predict relevant spectroscopic parameters. The last section finally gives some concluding remarks and perspectives for future work.
II. THEORETICAL MODEL
The present theoretical study is based on a three-step excitation scheme used in several experiments [7] [8] [9] [10] [11] [12] [13] , and we concentrate here our attention on the last step which consists in the photoionization of the E( 1 Σ + g ) electronic state of Li 2 , as shown in Fig. 1 .
We assume that in the first two steps, a sequence of two CW linearly polarized laser pulses has been used to excite in a two-photon transition a pure rovibrational (v = 0, N = 0) level on the E( 1 Σ + g ) excited electronic potential curve of Li 2 . This kind of technique has already been used with Li 2 10,11 . Since we assume that the Li 2 molecule is prepared in its ground rotational level N = 0, the value of its projection on any quantization axis is M = 0. This corresponds to an isotropic initial distribution.
We propose to ionize the molecule with the help of a femtosecond or picosecond ionizing pulse. Depending on its exact duration, this laser pulse has a bandwidth ∆ω which can encompass the two rotational components N + = 0 and N + = 2, which can be accessed in the ground electronic state of the ion. On this time scale, describing the ionization process and the induced nuclear dynamics requires a full quantum treatment. recall the particular points of the quantum model that are essential for understanding our forthcoming discussion. For a detailed description of the model, see Refs. [17] [18] [19] [20] . This model was designed to treat the ionization dynamics of neutral alkali dimers, including the induced ro-vibrational dynamics. We follow the electronic dynamics and the nuclear motion by expanding the total molecular wave function as
where φ E (r|R) Y 00 (r ) denotes the electronic wave function associated with the E-state of Li 2 . This electronic state of 1 Σ + g symmetry is considered as a 3sσ Rydberg state, and its wave function is expressed in the molecular frame following Hund's case (b) representation 21 . On the other hand, the ionized wave function φ + (E, r|R) Y m (r ) is expressed in the laboratory frame following Hund's case (d) representation 21 . The electron coordinate is denoted by r, and R denotes the internuclear coordinate. E is the electron asymptotic kinetic energy and ( , m) denote the electron angular momentum and its projection in the laboratory frame. Note that the one-photon ionization considered here results in the ejection of a p-type electron with = 1. The sum over is thus omitted in Eq. (1). Similar approaches based on such time-dependent expansions have been used in the past for the calculation of time-resolved photoelectron spectra 2,4,14,22 . The photoionization step is performed by a laser pulse of linear polarization and the polarization axis is chosen as the quantization axis in the laboratory frame. The following selection rule therefore applies for the projections M and M + of the molecular rotational angular momenta of Li 2 and Li
In the present case, we thus have M + + m = 0. The rotational motion is described by expanding the nuclear wave packets ψ E (R, t) and ψ
where D N * M,Λ (R ) denote the normalized Wigner rotation matrices 23 . Introducing these expansions in the timedependent Schrödinger equation describing the moleculefield interaction and projecting onto the electronic and rotational basis functions yields, in the dipole approximation, a set of coupled differential equations 17 for the nuclear wave packets ψ E (R, t) and ψ + m (E, R, t) that we solve using the short-time split-operator method 25 . To integrate the corresponding differential equations we need to define the potential energy curves V E (R) and V + (R) associated with the electronic states of the neutral and of the ion, and the matrix elements which couple the nuclear wave packets evolving on these electronic potential curves. Such matrix elements are given in Ref. [17] , and for the potential curves we use the accurate ab-initio values given in Ref. [24] . Note that the rotational constant of the E state of Li 2 , B E 0.506 cm −1 , is very close to the one of the ground state of the ion, B + 0.503 cm −1 . The molecules are subjected to a linearly polarized ionizing field with the classical expression
where E 0 and ω 0 denote the electric field amplitude and the frequency of the radiation.ê is the polarization vector. The pulse envelope is finally defined as
τ being the width of the pulse and 2τ its total duration. The analysis of the photoelectron angular distributions is made by projecting the wave packets ψ + m (E, R, t f ) defined in Eq. (2b) at the end of the pulse (at time t f ) on the energy-normalized solutions of the field-free ionized molecular states represented by the usual expansions on angular momentum states [26] [27] [28] . After integration over the electronic coordinate and over the angular degree of freedom for the nuclei, the angular distribution of the ejected photoelectron at some prescribed asymptotic electron kinetic energy E = 2 k 2 /2m and anglek is given by
where
Integrating P (E,k ) over the electron kinetic energy E yields the total angular distribution P (k ), while an integration of the same quantity over the anglek = (θ, φ) yields the integrated photoelectron spectrum P (E). In the next section III, we will discuss both the integrated photoelectron spectra and the angular distributions at specific energies P (E,k ) corresponding to different exit channels. In the present case with linear polarization, the angular distributions do not vary with the polar angle φ and they are just functions of the azimuthal angle θ. We will thus write P (E,k ) = P (E, θ). Compared to our previous study 17 , which concentrated on kinetic energy distributions only, we put here the emphasis on angular distributions. Note that the theory described here can be generalized to non-isotropic initial conditions by adding a sum over M in Eq. (2a). In practice, we use this generalized approach 17 when N = 0.
III. RESULTS

A. Photoelectron spectra
Following the scenario shown in Fig. 1 , the second harmonic of a Nd:YAG laser pulse induces photoionization of the molecule at 532 nm. Depending on the duration of the pulse, between 50 fs and 15 ps, the angular distribution may change dramatically because of a strong overlap of the final rotational exit channels. In the following subsections, we will discuss two cases corresponding to the same initial vibrational state v = 0 in the E-state of the neutral molecule, but with two different initial rotational excitations, N = 0 and N = 2.
1. Isotropic rotational case N = 0 Starting from the initial rovibrational level v = 0, N = 0, M = 0 and taking into account the vibrational selection rule v + = v which corresponds to the highest Frank-Condon factor, there are two different exit channels corresponding to the two accessible ion rotational quantum numbers N + = 0 and N + = 2. In Fig. 2 , we display the photoionization probability as a function of the electron kinetic energy for various pulse durations τ (Full Width at Half Maximum). For very short pulses (τ < 5 ps), the spectra show a broad single peak, while a well-separated double-peak structure appears for long pulse durations (τ > 10 ps). The centers of the peaks correspond to the energies associated with the ion rovibrational levels (v + = 0, N + = 0) and (v + = 0, N + = 2), at E = 4671.6 cm −1 and E = 4668.5 cm −1 , respectively.
Decreasing the duration of the pulse increases its bandwidth. When this bandwidth encompasses the two exit channels, it induces a strong overlap effect that will strongly influence the photoelectron angular distribution. The importance of this effect depends on the relative values of the laser bandwidth and of the spectral separation between the two final ro-vibrational levels. As seen in Fig. 2 , in the present scenario the peak corresponding to the channel (v + = 0, N + = 0) is predominant because the rotational constants of the E-state of Li 2 and that of the ground electronic state of Li In Figs. 3 and 4 , we display the angular distribution spectra for the specific energies corresponding to the principal peak (v + = 0, N + = 0) and to the secondary peak (v + = 0, N + = 2), respectively. In each figure, the information are shown in three ways. In panel (a), the photoionization probability P (E, θ) as function of θ, the angle between the polarization vector of the photon beam and the propagation vector of the ejected photoelectrons, for different values of the pulse duration. In panel (b), the photoionization probability is plotted in polar coordinates for the same values of pulse durations as in panel (a), where short duration curves are plotted in front (black), while long duration curves are plotted in the back (yellow) of the 3D picture. The shape of this figure suggests to label this type of representation as a "binocular" view of the angular distribution. Finally, in panel (c), a front projection of panel (b) is performed.
The effect of the pulse duration on the angular distribution is strikingly different in both cases. For the main (v + = 0, N + = 0) exit channel (E = 4671.6 cm −1 , Fig. 3) , the shape of the distribution is independent of the pulse duration. Moreover, the distribution is peaked towards θ = 0
• and 180
• . The photoelectrons are thus predominantly ejected in the direction parallel to the photon polarization. However, in nor (v + = 0, N + = 2) exit channel (E = 4668.5 cm −1 ), the photoelectron angular distribution evolves from a peaked anisotropic shape similar to the preceding case for short pulses (τ < 5 ps), to a quasi-isotropic shape for longer pulses (τ > 10 ps). This behavior results from the overlap of the two exit channels: when the pulse is short enough so that its bandwidth is larger than the separation between to two rovibrational levels, the first channel (v + = 0, N + = 0) contributes to the signal and eventually dominates, even at the kinetic energy, which normally corresponds to the minor channel.
To go forward in the investigation of the angular distribution at this point, we move to the analysis of the evolution of the asymmetry parameter β with the pulse duration. We recall that β is defined from the angular differential photoionization cross section as
where σ is the total photoionization cross section and P 2 (x) = (3x 2 − 1)/2 is the Legendre polynomial of order 2. Using the notations adopted in the present study, we can write
where β can be deduced unambiguously from the relation
We remind that β, which can take values between −1 and 2, gives a global idea on the shape of the angular distribution of photoelectrons. For instance, β = 0 corresponds to an isotropic distribution, while β = 2 and −1 correspond to peaked anisotropic distributions along the light polarization axis and its perpendicular axis, respectively. It can be easily seen from Fig. 3(b) that in this case β is close to 2 and that in Fig. 4(b) β evolves from a value close to 2 for short pulses to a value close to 0 for long pulses. Indeed, the photoionization probabilities plotted in these figures are proportional to the differential photoionization cross section of Eq. (7). The aim of section III B is to try to understand this evolution of β as a function of energy and pulse duration.
For a given energy corresponding to one of the two exit channels and for a given pulse duration, we extract from Fig. 3(a) or Fig. 4(a) , the extremal values of P (E, θ) as a function of θ, namely P max = P (E, 90
• ) and P min = P (E, 0
• ). One can easily show that the ratio ρ = P min /P max is directly related to β through
This very simple formula allows an accurate estimation of the asymmetry parameter for each energy and pulse duration.
In Fig. 5 , we display the asymmetry parameter β as a function of the pulse duration for the two exit channels N + = 0 and N + = 2 corresponding to E = 4671.6 cm
and E = 4668.5 cm −1 , respectively. Three sets of data are plotted but we concentrate at the moment on the symbols (green squares and circles), which are the values extracted from our time-dependent quantum calculation. The other estimations correspond to an analytical model (solid blue lines) and to a numerical fit (dashed red lines) that we will discuss in section III B. We can already note that the agreement between the three sets of results is very good, demonstrating that the analytical model and the numerical fit allow for a good description of the dynamics of the system. For very short pulses, the two curves (for both exit channels) converge to the same limit β 1.69. This behavior is correlated with the overlap effect that we have already discussed. Finally, as the pulse duration increases, the two curves separate and reach their asymptotic values β = 0.2 and β = 2 for the N + = 2 and N + = 0 channels, respectively. These exact values can be derived easily. Indeed, for a given N photoionization probability as a function of θ, deduced from Eq. (6), can be written in the CW limit as
is the electric dipole matrix element between the initial and final states 17 . For each exit channel, the value of β can be deduced unambiguously from Eq. (9). Indeed, for N + = 0 we find P 0 (E, θ) ∝ cos 2 θ, giving A = 0 and therefore β = 2. On the other hand, for N + = 2, we have P 2 (E, θ) ∝ (3 + cos 2 θ), i.e. A = 3, B = 1 and thus β = 1/5 = 0.2, as expected. 
Excited rotational case N = 2
The main difference when starting initially from the (v = 0, N = 2) excited rovibrational level is that there are three exit channels corresponding to the three ion rotational quantum numbers N + = 0, 2 and 4 when a p electron is emitted. The overlap effect discussed in the previous Section is therefore expected to be more rich and complex, especially for short pulse durations. Fig. 6 shows the photoionization probability as a function of the electron kinetic energy for various pulse durations. In a way similar to Fig. 2 , for very short pulses, the spectra show a broad structureless single peak. However, its compound structure splits into three well-separated peaks for long pulse durations. Moreover, the principal peak at E = 4671 cm −1 corresponds to the main exit channel N + = 2, in accordance with the propensity rule N + = N . The two other exit channels give rise to two satellite peaks on both sides of the main peak, namely a lower energy peak around E = 4664 cm −1 corresponding to N + = 4 and a higher energy peak near E = 4674 cm −1
for N + = 0.
In Fig. 7 , the photoelectron angular distributions at these three energies are plotted in the previously defined binocular view as a function of the ionization angle θ for various pulse durations. The three channels N + = 4, N + = 2 and N + = 0 are shown in panels (a), (b) and (c), respectively. Here again, the predominant channel N + = 2, is almost not affected by the pulse duration whereas the satellite channels present angular distributions that evolve from peaked shapes at short durations to quasi-isotropic shapes for very long pulses. The evolution shown in Fig. 7(c) for N + = 0 is progressive and similar to that of Fig. 4(b) . However, in the case of the N + = 4 exit channel, the transition from an anisotropic photoelectron angular distribution to a quasi-isotropic distribution is sharp, occurring around τ 3 ps.
The asymmetry parameter β for the three channels is displayed in Fig. 8 as a function of the pulse duration τ . It shows an evolution similar to that of Fig. 5 , which was showing the evolution of the same parameter for the initial rovibrational state N = 0. For very short pulses, the three curves become degenerate at the value β 1.69, while they fully separate in the intermediate range 1 ps τ 10 ps, before reaching their asymptotic values β 1.9 for the principal exit channel N + = 2 (E = 4671 cm −1 ) and β 0.2 for secondary exit channels N + = 0 (E = 4674 cm −1 ) and N + = 4 (E = 4664 cm −1 ). Here again, we have a very good agreement between the values calculated using the time-dependent quantum simulation, the analytical model and the numerical fit for all exit channels. This analytical model and the numerical fit will be described in the next section.
B. Extraction of spectroscopic molecular parameters
In contrast with the CW case, for short pulse durations, a given electron kinetic energy E may be associated with different exit channels N + . This effect is simply due to the increased bandwidth of the pulse which leads to non-zero contributions of different N + channels, as seen in Eq. (5). The strong variation of the asymmetry parameter β with the pulse duration can thus be easily rationalized from the evidence that the electron angular distribution can be written as an incoherent sum over the different exit channels as written in Eq. (5). As a consequence, the differential ionization probability can be written as
for an arbitrary pulse duration τ , where β(τ ) is given by a weighted average of the CW β-values of the different individual exit channels
where P j is the total ionization probability in the exit channel number j,f j denotes the field amplitude at the frequency corresponding to the energy of the exit channel number j, and β j is the asymptotic CW value of the asymmetry parameter of channel j. Note that since the probabilities P j are proportional to the square of the electric dipole moment µ 2 j between the initial state and a given final state j, Eq. (13) can equivalently be written as
We have been using Eq. (14) (14) is that it allows, from a limited numbers of measurements performed with ultrashort laser pulses, to extract the asymptotic CW asymmetry parameters β j of the different exit channels as well as the relative electric dipole moments µ 2 j by using a simple numerical fitting procedure. We have shown the results of such a numerical fit using Eq. (14) in Figs. 5 and 8 in red dashed lines. The fitting parameters are the values of β j and µ 2 j since we consider that for a given pulse duration τ the Fourier transformf j of the electric field E(t) at the frequency corresponding to each exit channel is known. The agreement of the numerical fit with the numerical solution of the time-dependent Schrödinger equation is excellent. For example, using the 5 values of β shown with green symbols in Fig. 5 for τ 4.5 ps (on the left of the dashed vertical line), we obtained β 0 = 2.0000 instead of 2 and β 2 = 0.19995 instead of 0.2 for the initial state N = 0. One can note in Fig. 2 that for these very short pulses the rotation is not yet resolved in the kinetic energy spectrum, which shows a single broad peak. Indeed, for such ultrashort pulses, the pulse duration is smaller than the rotational period of both Li 2 and Li With a limited number of measurements performed with very short laser pulses it is thus possible to extract accurate values of some spectroscopic molecular parameters such as the asymmetry parameters of the different exit channels, thanks to the simplicity of Eq. (14) , and therefore to the efficiency of the associated numerical fit.
IV. CONCLUSION
In this paper, we have presented a theoretical study of the short pulse ionization of the Li 2 molecule in the fs to ps regime, solving the time-dependent Schrödinger equation for both the nuclear and the electronic dynamics. We have concentrated our study on the calculation of the energy-resolved angular distributions of the emitted photoelectrons. We have shown that when the ionizing pulse is much shorter than the typical rotational period of the molecule the kinetic energy distribution is characterized by a single broad peak which comprises the contribution of the different ion rotational levels involved. In this ultrafast regime, one would normally expect that it is impossible to extract spectroscopic molecular parameters such as the asymmetry parameters β associated with each individual ion rotational level. In this paper we have shown however that it is in fact possible to extract such values from a limited number of measurements performed with different pulse durations. These values can be obtained from a numerical fitting procedure and we have shown that the accuracy of this procedure is of the order or better than 5%. In the future, we are planning to extend the present model to the study of the dissociative ionization of Li 2 . This would allow to extract more information from coincidence measurements 29, 30 .
